Aim: The distributions and interactions of co-occurring species may change if their ranges shift asymmetrically in response to rapid climate change. We aim to test whether two currently interacting taxa, valley oak (Quercus lobata) and lace lichen (Ramalina menziesii), have had a long-lasting historical association and are likely to continue to associate in the future.
| INTRODUCTION
Climate change is having a clear impact on the distribution of many organisms and on the species composition of numerous ecosystems (Ellis, Coppins, Dawson, & Seaward, 2007; Parmesan, 2006; Peñue-las & Filella, 2001; Root et al., 2003; Walther et al., 2002) . Species can respond in only a few ways to climate change-individuals can acclimate or move locations, and populations can adapt or become extirpated (Aitken, Yeaman, Holliday, Wang, & Curtis-McLane, 2008 ). The net outcome can modify the size and distribution of populations due to local extinctions and shifts in altitudinal or latitudinal range in response to warming (Chen, Hill, Ohlemüller, Roy, & Thomas, 2011; Lenoir, Gegout, Marquet, de Ruffray, & Brisse, 2008) . Because individual species vary greatly in their ability to acclimate or adapt to the climate due to differences of life history traits (Aitken et al., 2008; Chen et al., 2011) , these unequal rates of shifts in distribution may also disrupt the association of co-occurring species over time (Blois, Zarnetske, Fitzpatrick, & Finnegan, 2013; Comes & Kadereit, 1998; Hewitt et al., 2015; Overpeck, Webb, & Webb, 1992) .
Historically, the species composition of plant communities changed with climate shifts (e.g., Jackson et al., 2014; Seddon, MaciasFauria, & Willis, 2014) as new associations were formed (e.g., Webb, 1986 ) and old interactions have disappeared (e.g., Williams, Shuman, & Webb, 2001; Williams et al., 2013) -many due to dissimilar responses among species to climate changes. Palaeoecological studies, which have used fossil and pollen records to document the historical distribution of species, have shown that many sets of species that characterize communities today did not migrate together during postglacial range expansions (Davis, 1981) . When climate change is gradual, species that benefit each other may be able to associate longer until opportunities for alternative favourable associations can emerge. In contrast, the current pace of climate change has the potential to alter interactions between species substantially but, because species responses to climate changes are variable, it will be difficult to predict future species interactions (Bertness & Ewanchuk, 2002) .
The association of the epiphytic lace lichen and its phorophyte species, valley oak (Quercus lobata) and other oaks (Quercus douglasii and Quercus agrifolia), is conspicuous in oak-savanna and riparian oak ecosystems of California. Deciduous oak trees provide a habitat for the lichen with an open canopy in the winter that maximizes photosynthesis during the season when most of the annual rainfall, and most of the lichen annual growth, occurs (Matthes-Sears & Nash, 1986) . Oaks furthermore possess a shaded canopy during the hot summer and provide early morning dew that can be absorbed by the lichen. Lace lichen provides nutritional benefits to the trees by absorption of water and nutrients and their deposition beneath the tree (Boucher & Nash, 1990; Knops, Nash, & Schlesinger, 1996) . The lace lichen is a mutualistic symbiosis between a lichen-forming fungus and photosynthetic green algae (mainly Trebouxia decolorans, Chlorophyta).
Valley oak (Gugger, Ikegami, & Sork, 2013) and lace lichen have had relatively stable distributions through the glacial and interglacial cycles throughout their respective ranges.
Prior work using population genetic approaches suggests that lace lichen has a much greater dispersal potential Werth & Sork, 2008) than valley oak (Grivet, Robledo-Arnuncio, Smouse, & Sork, 2009; Grivet, Smouse, & Sork, 2005; Pluess et al., 2009; Sork, Smouse, Grivet, & Scofield, 2015; Sork et al., 2010) , but palaeoecological records suggest that oaks may have greater dispersal potential than indicated by genetic studies (Clark et al., 1998; Feurdean et al., 2013) . The extensive latitudinal range of lace lichen (Ramalina menziesii), which occurs from Baja California desert ecosystems continuously through regions of western North America and Alaska, suggests a broad range of climate tolerance . In contrast, Q. lobata is found only in unglaciated regions of California, mostly along the foothills of the Coast Ranges and Sierra Nevada surrounding the Central Valley.
The study system of valley oak, Q. lobata, and the epiphytic lace lichen, R. menziesii, with its fungal and algal symbionts, provides a unique opportunity to study the dynamics of response to gradual and rapid climate change. Given that the two taxa share a climate niche where they currently co-occur, we might expect that they have had a long-term association in the past, which may or may not continue in the future under the current rapid rate of climate change. If oaks and lace lichen have different rates of migration in response to previous climate conditions, then their current co-occurrence may be ephemeral and a future association may be unlikely. The goals here are to estimate the patterns and processes of their historic co-occurrence and to assess whether their association will continue with predicted rapid climate warming through three specific objectives. First, we test for congruent phylogeographic patterns between lace lichen and valley oak, as evidence of parallel historical demographic responses to historical climate change. Second, we model past Last Interglacial (LIG) and Last Glacial Maximum (LGM) distributions of their climate niches to see whether a long-term association in the past could have been likely, and then model future niche distributions to see whether this association might continue with predicted climate change. Third, to understand whether migration ability is asymmetric, which could disrupt their association, we compare the inferred magnitude of response to climate change (hereafter migration speed: migration distance per year) in the two taxa from past to present and present to future.
| MATERIALS AND METHODS

| Sampling
Our study region includes the overlapping region of the distributions of Q. lobata and R. menziesii. For analyses of phylogeographic congruence, we used data previously collected from other studies of Q. lobata (Gugger et al., 2013; Sork et al., 2010) , R. menziesii Werth & Sork, 2008) , and T. decolorans (Werth & Sork, 2010 Nei's genetic distance outputted from GENALEX 6.5 (Peakall & Smouse, 2012) . To test whether genetic congruence between oak and lichen was the result of correlations controlled by shared isolation-by-distance (IBD) or isolation-by-environment (IBE), a partial
Mantel test was also executed controlling for geographic distance and climatic suitability respectively. Climatic suitability was extracted from a MAXENT prediction based on current distribution (as below).
IBD and IBE were also examined between genetic differences, geographic distance, and climatic differences using simple and partial
Mantel tests through ZT software with 10,000 permutations (Bonnet & Peer, 2002) .
Secondly, spatial convergence was estimated using Population genetic data within a graph theoretic framework to create a network of exchanged migrants (Dyer & Nason, 2004) . Because the congruence test relies on gene flow and similarity of vertex locations, PopGraph is a robust algorithm to test for the concordance between the spatial genetic variations of the co-distribution among species (Dyer, Nason, & Garrick, 2010; Widmer et al., 2012) . The cumulative density function index (CDF) was used to measure "Structural Congruence", i.e., the probability of having x number of edges in common in observed congruence graph is different from that in the expected congruence graph. Low CDF values indicate better congruence.
| Ecological niche modelling
We built ecological niche modelling (ENMs) using MAXENT 3.4.0 To estimate niche sharing among species during each time period, we calculated the predicted overlap of niches between valley oak and lace lichen. Suitability of modelling layers was binarized using the threshold of maximum sensitivity plus specificity as this threshold produces the most accurate predictions in presence-only ENMs (Jiménez-Valverde & Lobo, 2007; Liu, Newell, & White, 2016) .
Niche overlap was calculated using the binarized layers with the 'raster' package in R (Hijmans, 2016) .
| Climatic sensitivity
To compare the potential sensitivity of lichen and oak to climate change, we tested the hypothesis that the amount of migration needed in a given period of time based on the change in climate niche is less than or equal to the dispersal capacity of that species.
Although we understand the dispersal of a species is restricted, due to the model limitation over geological time-scale, we assumed species could reach any location within the modelled domain. We estimated magnitude of climate change (i.e., estimated migration speed/ migration distance per year) (V M , units are m/year) based on the geographic shift in modelled suitable climates from the MAXENT models.
Here, the V M is calculated as the time interval between two periods 3 | RESULTS
| Genetic congruence between lichen and oak
Both nSSR and cpSSR of Q. lobata showed congruence with rbcL of the algal photobiont of R. menziesii (p < 0.05) ( Table 1) 
| DISCUSSION
The lace lichen and valley oak populations exhibit strong evidence of a long-term historic association in the Californian oak ecosystems of our study. Genetic markers reveal significant spatial genetic congruence between valley oak and lace lichen, which implies that they were most likely co-distributed historically. Specifically, significant congruence was found between valley oak and the lace lichen photobiont, a pattern that likely reflects the historic association of this lichen with valley oak in California, while in symbiosis with In contrast, these species may not retain their association in the future, due to differences in dispersal abilities and rates, differential sensitivities to climate change, and different generation times. The future asymmetry seems to be due to the more rapid rate of climate change than in the past.
T A B L E 1 Congruence test among oak and epiphytic lichen based on simple Mantel test (S), partial Mantel test (P), and vertex test (V
| Genetic congruence
Species distribution patterns at the scale of California are likely to be shaped by natural selection, vicariance events, and isolation by distance (Lapointe & Rissler, 2005) . These forces suggest that gene movement of taxa with similar dispersal ability would present similar genetic structures, but co-occurrence would also result in shared effects from other processes. For the lace lichen and valley oak, it seems that their genetic congruence reflects a long-term association that is shaped by the movement of the oak. We found the strongest congruence between algal chloroplast and both oak markers. Because the chloroplast marker of valley oak is maternally inherited and the photobiont (T. decolorans) is haploid, their respective genetic markers both provide evidence of dispersal and colonization processes, which contribute to the genetically congruent patterns of the two taxa.
Genetic congruence related to dispersal and colonization was also likely to have been influenced by shared environments. We found significant isolation by environment detected in oak and algae but not in the fungal genome of R. menziesii (Table 1) . Previously, for valley oak, we found the distribution of genetic variation to be associated with climate variables, as well as gene movement and demographic history (Gugger et al., 2013; Sork et al., 2010) .
For the epiphytic lichen, the fungus has a high dispersal ability mediated by meiotic ascospores (Werth & Sork, 2010) F I G U R E 2 Population connectedness patterns among valley oak, fungus, and algae. These patterns were estimated from valley oak (Quercus lobata) nuclear (Oak nu ) and chloroplast genetic (Oak cp ) markers, fungal (Ramalina menziesii) nuclear genes (Fungus), and algal (Trebouxia decolorans) nuclear (Algae nu ) and chloroplast (Algae cp ) markers. Obvious genetic congruence (CDF in Table 1 ) is indicated by grey background of geography and habitat, we infer that the tight association between these taxa was influenced by the dispersal limitation of valley oak. Similar congruence was reported in plant-insect interactions with the explanation that the demographic history of a beetle can be constrained by a limited-dispersal plant (Garrick, Nason, Fernández-Manjarrés, & Dyer, 2013) . LGM, the climate was colder than during the LIG or at present time (Kukla et al., 2002) , however, during the warmer periods, valley oak and lace lichen may have come into contact in the highland of the western ranges of the California central valley where the two taxa could share a common microclimate. Likely, because both taxa could track the climate shifts from the LIG to the LGM and from LGM to present, genetic congruence shaped by past co-occurrence could be retained to the present, despite their significant differences in migration speed V M (Table 2) .
Phylogeographic studies provide evidence that the association of the two taxa began during the late Pleistocene. Sork and Werth (2014) years ago) (Gugger et al., 2013) . Thus, establishment of co-occurrence between valley oak and lace lichen accompanied by climatic fluctuations probably occurred about c. 63,000-571,000 years ago.
In addition, species niche modelling predicts sharp contraction of range overlap during the LGM, but expansion of overlap since then.
This interpretation is supported by population genetic analysis that also indicated population expansion from the LGM of Q. lobata (Gugger et al., 2013) and R. menziesii . (Sork et al., 2002) . For valley oak to keep pace with the rapid climate change, it must have a high rate of colonization. In addition, long generation time of oak (the conservative estimation is 100 years, larger than the time of rapid future climate change) (Gugger et al., 2013) and lichen (>35 years) (Scheidegger & Goward, 2002) will hamper the ability of these two taxa to adapt to future climate change in a short time.
The future of lace lichen as a species does not necessarily require valley oaks or blue oaks, given that it can be found across many ecoregions of western North America and on different phorophyte species unique to each ecoregion . However, the continued presence of lace lichen in California inland regions may require rapid evolution to a new phorophyte. In addition, climate change may threaten the distribution of R. menziesii for other reasons. Living and dispersing lichens need moisture in the form of winter rainfall and frequent fog . Rapid warming will likely reduce the fog frequency (a factor difficult to model and not considered in our niche models) and increase the drought climate in California (Johnstone & Dawson, 2010) , and is thus likely to cause further decline in lace lichen populations.
T A B L E 2 Comparisons of estimated migration speed (V M ) of oak and epiphytic lichen among different glacial periods, using two climate models (see text for description). Mean V M (m/year) was calculated with SE. N is the number of centroids (modelled populations Our study follows the general pattern that predicted response of plant species to climate change is individualistic, and the predicted time, rate, and direction of spread of species are variable (Comes & Kadereit, 1998) . Nonetheless, under historic rates of climate change, interacting species could co-occur for long periods of time. Under rapid future climate change, biotic interactions and the ecological networks may likely be disrupted more quickly (Lenoir et al., 2008) .
In the case of valley oak and the lace lichen, we predict that rapid ongoing climate change will create differential patterns in habitat shift and migration speed, disrupting their co-occurrence in their future ranges, eventually leading to a breakup of historically developed genetic congruence.
| CONCLUSIONS
This study illustrates the complex ways in which the distribution of two taxa could shift as a result of rapid climate change, disrupting interactions. Integrating phylogeographic analyses with ENMs, we showed that these two historically and contemporarily co-occurring species are unlikely to co-occur in the future. The predicted rate of climate change is likely to disrupt these species' future association because it exacerbates the gap in generation time and differential dispersal abilities of the two taxa. The predicted disruption of these two taxa is probably typical of many sets of interacting species and, in each case, it will be difficult to predict its impact on the future population dynamics for the involved taxa.
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